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Abstract 

We propose an electroweak model which is compatible with the UV insensitive anomaly 
mediated supersymmetry breaking. The model is an extension of the NMSSM by adding 
vector-like matter fields which can drive the soft scalar masses of the singlet Higgs field 
negative and the successful electroweak symmetry breaking is achieved. Viable parameter 
regions are found to preserve perturbativity of all the coupling constants up to the Planck 
scale. With this success, the model becomes a perfect candidate of physics beyond the 
standard model without the FCNC and CP problem. The cosmology is also quite interesting. 
The lightest neutralino is the wino which is a perfect cold dark matter candidate assuming 
the non-thermal production from the gravitino decay. There is no gravitino problem because 
it decays before the BBN era, and thus the thermal leptogenesis works. The cosmological 
domain wall problem inherent in the NMSSM is absent since the symmetry is broken by 
the QCD instanton effect in the presence of the vector-like quarks. We also briefly comment 
on a possible solution to the strong CP problem a la the Nelson-Barr mechanism. 
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1 Introduction 



Supersymmetric (SUSY) standard model (SM) is an attractive framework which reahzes the 
standard model at low energy and suggests unification of gauge interactions at high energy. The 
SUSY breaking triggers the electroweak symmetry breaking while stabilizing the Higgs potential 
against the radiative corrections. 

Despite the great success in the gauge and Higgs sectors, the matter sector is problematic. 
With generic SUSY breaking terms in the Lagrangian, the prediction of small CP violation and 
Flavor Changing Neutral Current (FCNC) in the SM may be destroyed by the new interactions 
among the fermions and their scalar partners. The problems suggest the special features of the 
SUSY breaking, which are flavor blind and CP conserving. 

The gravitino, the SUSY partner of the graviton, also causes a problem in cosmology. In 
the gravity mediated SUSY breaking scenario, the gravitino mass is of the order of TeV and 
it decays during big-bang nucleosynthesis (BBN), destroying the successful prediction of the 
abundance of the light elements. In order to avoid the problem, the reheating temperature of 
the universe has to be lower than 10^ GeV which is too low for many baryogenesis scenarios 
with out-of-equilibrium decays of heavy particles. 

An interesting possibility which solves all those problems automatically is the anomaly 
mediated SUSY breaking scenario ||2[ |3|. The anomaly mediation is the purely gravitational 
mediation mechanism of the SUSY breaking and is realized once the direct couplings between 
the hidden and visible sector fields are suppressed. The SUSY breaking only appears with the 
conformal anomaly of the theory and therefore it is insensitive to the ultraviolet (UV) physics 
and respect all the accidental symmetries in low energy such as CP and flavor conservation in 
the SM. Moreover, the soft SUSY breaking terms are suppressed by the loop factor l/(47r)^ 
compared to the gravitino mass because of its quantum origin, and therefore the gravitino mass 
is naturally of 0(100 TeV). Such a heavy gravitino decays before the BBN era, opening a 
window of baryogenesis at high temperatures Q. 

The UV insensitivity enables us to calculate all the SUSY breaking terms with known cou- 
pling constants. Unfortunately, the high predictability immediately excludes the pure anomaly 
mediation since the scalar leptons turn out to be tachyonic. There have been several proposals 
to cure the problem. For example, to go off the trajectory of the anomaly mediation, one 
considers non-decoupling effects by using flat directions [^, |6|, 0, ^] or low energy thresholds 
[^]. The introduction of SM non-singlet particles which feel SUSY breaking directly from the 



hidden sector is shown to modify the spectrum through two- loop diagrams [10|. Also, attempts 
to modify the trajectory of the anomaly mediation itself by adding new interactions have been 
made [11, |l^, ^] . As modification of the initial conditions, several kinds of scenario have been 



proposed such as inclusion of the Kahler anomaly [ffq], adding D-terms ]16|, 17, nM, and adding 



the boundary interactions in the extra-dimensional setup [19|. The admixture of the gauge 
mediation and the anomaly mediation is recently considered in the context of the conformal 
sequestering scenario [|2^. Among those various modifications, adding D-terms is clearly the 
safest since it has no danger of reintroductions of the CP or FCNC problems, and moreover it 
is shown to preserve the UV insensitivity which ensures the flavor blind and CP conserving soft 
terms in low energy even in the presence of the flavor changing or CP violating interactions in 
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high energy |16, |T^]. 

Once we reahze the UV insensitive anomaly mediation by the D-term modification, the next 
step is to consider the electroweak symmetry breaking to see if it is possible to have the desired 
vacuum [18, 21 1. When all the SUSY breaking terms are calculable, it is highly non-trivial to 
have the correct vacuum expectation values (VEV) of the Higgs fields. In Ref.[21|, it has been 
examined and found that the minimal SUSY standard model (MSSM) does not have a stable 
vacuum unless the tan/3 parameter, the ratio of two VEVs of the Higgs fields {{H2)/{H^)), is 
less than unity. In this case, the top- Yukawa coupling constant is very large and blows up right 
above the stop mass scale. Also, in the next to MSSM (NMSSM) the prediction to the Higgsino 
mass is too small in all the region of the parameter space. It is caused by the fact that the 
singlet Higgs field S only has Yukawa interactions which are asymptotically non-free. The soft 
mass squared is likely to be positive in that case, resulting in the small VEV of S. A successful 
model is found with linear term of the singlet field in the superpotential, which happens to be 
the low energy effective theory of the minimal SUSY fat Higgs model |^] . 

In this paper, we reexamine the NMSSM with D-teim modified anomaly mediation by 
introducing additional vector-like quarks ||2^, |2^, |l^]. We find that the coupling between 
the singlet Higgs field S and the vector-like quarks can modify the anomalous dimension of S 
significantly, and make the soft mass squared of S small enough to acquire a large VEV and 
thus there is no Higgsino mass problem. 

This paper is organized as follows: In the next section, we review the UV insensitive anomaly 
mediation. We discuss the problems in the MSSM and NMSSM with the UV insensitive anomaly 
mediation in Section ^. We extend the NMSSM with additional vector-like matter fields and 
examine the electroweak symmetry breaking in Section ^, and discuss phenomenological and 
cosmological issues. Section is devoted to conclusions. 



2 UV insensitive anomaly mediation 

Anomaly mediation is realized once we obtain a sequestered Kahler potential in the supergravity 
action. Since the fields in the visible sector can feel the SUSY breaking only through the 
gravitational interaction, the only source of the soft terms is the F-component of the gravity 



multiplet. In the superconformal formulation of the supergravity Lagrangian |2^, 28|, the 
F-component is the auxiliary component of the chiral compensator multiplet <I> with which 
Lagrangian possesses superconformal symmetry. The supergravity Lagrangian is obtained by 
fixing the value of the components of ^ which breaks the superconformal symmetry explicitly 
down to the super-Poincare symmetry. It is clear in this construction that the SUSY breaking 
appears only with the violation of the conformal symmetry. At the classical level, therefore, the 
soft scalar masses, the scalar cubic couplings (A-terms), and the gaugino masses vanish, and all 
those terms appear at quantum level with conformal anomaly. Explicitly, with the anomalous 
dimension 7j of the chiral superfield Qi and the beta function 13a of the gauge interaction labeled 
by A, soft terms at the scale ^ are given by 



3 



where Xijk and qa are the Yukawa and gauge couphng constants, respectively. The mass 
parameter is the gravitino mass which represents the i^-component of the compensator 

multiplet. The above soft terms are defined by 

Aoft = -{AjkQiqjqk + h.c.) - fnf\qi\^ - ^mf AA , (2) 

with qi and A being the scalar component of Qi and gauginos, respectively. Of interest is that 
the soft terms at the scale are described by 7 and (3 at that scale and hence do not depend on 
the high energy physics. The UV insensitivity is a phenomenologically desirable feature since it 
solves the SUSY FCNC and CP problem automatically. 

It had been thought that sequestered Kahler potential is difficult to achieve in realistic model 
of quantum gravity. For instance, string theory tends to give rise to many moduli fields who 
can mediate additional supersymmetry breaking effects at the tree-level or one-loop level, which 



dominate over the anomaly- mediated contributions |29, 30|. In Ref. Q, the absence of such fields 
was explicitly assumed.* The physical separation of hidden and observable sectors along an extra 
dimension was used in Ref. Q to justify the sequestered form of the Kahler potential. This, 
however, is not immune to the problem because there may be light bulk scalars such as radion. 
Only recently, a concrete mechanism to fix all of the moduli fields was proposed (3^. Moreover, 



the physical separation was shown not necessary to achieve sequestered Kahler potential if the 



hidden sector is nearly conformal |34, |35[], even though the hidden sector needs to be of a special 
type [^. Therefore achieving sequestered form of the Kahler potential does not appear to be 
an insurmountable problem any more. 

An obvious problem of the framework is the tachyonic sleptons. The contribution from the 
gauge interaction to the scalar masses m? is positive (negative) for asymptotically free (non-free) 
gauge interaction. Since the sleptons only have SU(2)i and U(l)y gauge interactions which are 
both asymptotically non-free, the scalar masses squared of the sleptons turn out to be negative 
with neglecting Yukawa coupling constants of the leptons. 

However, we can easily solve the problem when we gauge the B — L symmetry in the MSSM 



|17|. For example, if a U(l)yi gauge symmetry in the hidden sector acquire the D-term, the 
kinetic mixing term between U(l)yi and \]{1)b-l induces the D-iexm. of U(1)b-l- The D-term 
of U(l)y may also be generated in the same way. Remarkably those two D-iexms can provide 
sufficiently large positive contributions for the scalar masses squared of both the left- and right- 
handed sleptons. Moreover, the most significant feature is that the modification with L'-terms 



preserves the UV insensitivity of the soft terms |17]. 



The introduction of D-terms modifies the soft terms in the following way. 
^? = \4?^<n - QyDy - Q'b-lDb-l , (3) 



where Qy and Q^^-L hypercharge and the B — L charge of the corresponding super- 

field. The gaugino masses and the ^-terms are not modified. Neglecting the Yukawa coupling 



*The paper discussed another possibility that the gaugino mass is generated at one- loop level by the anomaly- 
mediation effect whereas the scalar masses are not suppressed, realizing the split SUSY scenario [pf|, |32[ . 
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constants, we obtain the slepton masses as follows: 



mf = - lal) + \Dy + Ds-L , (4) 



m% = -22g^M^ - Dy - Db-l , (5) 

where gy and 52 are the U(l)y and SU(2)£, gauge coupling constants, respectively, and M = 
7713/2/ (47r)^. The additional Z?-term contributions are positive for both of the sleptons when 

Dy < -Db-L < Dy/2 < 0. 

The D-terms can be obtained in a consistent way with grand unified theories (GUT), even 
though U(f )y D-term becomes gauge non-singlet. For example, in SO(IO) grand unified theories, 
U(l)y and U(1)b_l are both subgroups of SO(IO). The kinetic mixing terms between the U(1)a 
gauge field and those U(l)'s in this case are generated after the GUT breaking assuming the 
presence of the following term: 

^ 3 / J"(^SO(10))- + h.c. . (6) 

Here, T,^ is a chiral superfield of 45 dimensional representation, which breaks SO(IO) into SU(3)c7 
X S\J{2)l X U(l)y X \J{1)b-l- Provided the D-term of U(1)a is generated at one-loop level, the 
above mixing induces the D-terms of U(l)y and \J{1) b~l of the order of (Att)'^ {Mq\jt / Mpi) M'^ 
which is numerically similar size to the sfermion soft masses squared of O(M^). Alternatively, 



in the models with orbifold unification |37, 38, 39 1, we can simply write down a kinetic mixing 



term between U(l)y and \]{1)b-l gauge fields at the boundary. 

3 Electroweak symmetry breaking in the MSSM and NMSSM 

We now proceed to consider the electroweak symmetry breaking with the D-term modified 
anomaly mediation. Whether we obtain correct vacuum is quite non-trivial since all the soft 
terms are calculable with known coupling constants. 

3.1 MSSM 



In Ref.|21] it has been shown that the correct vacuum (correct Z boson mass) is realized only 
when tan (3 < 0.3 which causes the Landau pole of the top- Yukawa coupling constant just above 
the SUSY breaking scale. The problem is caused by the explicit violation of the conformal 
symmetry by the /x-term, i.e., W 3 ^HiH2. Because it is a tree- level violation, the i?-term 
associated with the //-term is not suppressed by the loop factor and hence is large by a factor 
of (47r)^ compared to other soft terms. Such a huge i?-term requires large Yukawa couplings to 
fine-tune the VEV of the Higgs fields by enhancing soft masses of Hi and H2 through Eq. (2) . 
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Figure 1: The relation between i?-parameter and tan /3 is shown. We fixed the gravitino mass 
parameter (M = m3/2/(47r)2) to be SOOGeV and D-iexms (Dy = -2.5M'^ and Db-l = 2.0M'^). 

There is a way of suppressing the B-ieim by using an accidental cancellation among different 
sources of the //- and i?-terms. For example, if we have the following terms in the Kahler and 
the superpotential, 

K 3 CH1H2 + h.c. , W 3 IIH1H2 , (7) 

the fi- and i?-terms from the SUSY breaking are given by 

^ = cm3/2 + /i , Bfi = m3/2(-cm3/2 + /x) . (8) 

Since the relative sign between the two contributions is different for the fi- and i3-terms, there is a 
possibility to have small i?-term by carefully tuning the c and jl parameters. In this situation, we 
can think of the i?-parameter as a free parameter. We plot in Figjl] the i?-parameter dependence 
of tan/? with fixing M, Dy, and Db-l- We have included the one-loop correction to the Higgs 
potential from the (s)top, (s)bottom, and (s)tau loop diagrams, and imposed the stability of 
all the scalar particles. For large \B\/M, such as (47r)^ 158, we need a small value of tan/3 
so that the top- Yukawa coupling constant gives large contribution to the Higgs potential. The 
solutions with tan /? ^ 1 are found with small values of B. Therefore, even in the MSSM, we 
could achieve the successful electroweak symmetry breaking with maintaining perturbativity up 
to the Planck/GUT scale at the expense of a fine-tuning of order 10~^ in Eq.(^). 

Unfortunately, the model has a potential danger to introduce a new CP phase since c 
and jl are independent complex parameters. Although the reintroduction of the SUSY CP 
problem upsets the motivation of the UV insensitive anomaly mediation, there is an interesting 



observation. As we discuss later in Sec. |4.5| , the anomaly mediation is a good framework for 
solving the strong CP problem by the scenario of the spontaneous CP violation Since 
the scenario assumes the exact CP invariance in the Lagrangian, c and /2 are real parameters 
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if the fields which break the CP invariance do not couple with the Higgs fields. In this sense, 
we claim that the MSSM is a viable model with the UV insensitive anomaly mediation once we 
obtain small B-parameters. 



3.2 NMSSM 

Apart from the benefit of providing a solution to the //-problem, the extension to the NMSSM 
is well-motivated in the context since the conformal symmetry is not violated at tree level, and 
hence there is no complication caused by the (47r)^ enhanced soft parameters. The superpotential 
of the Higgs sector in the NMSSM is given by 

W = XSH1H2 + ^S^ , (9) 

where S is the gauge singlet Higgs field whose VEV plays a role of the /x-parameter in the MSSM. 

The electroweak symmetry breaking in the NMSSM is, however, not successful since the 
effective /i-parameter of A (5) is too small (at most a few GeV), resulting in unacceptably light 



Higgsinos [21|. The problem is caused by the positivity of the soft mass squared for the singlet 



Higgs mi. The m| parameter is given by the formula: 



ml = l{Anf^^{2X' + 2h')M^. (10) 

Ignoring the SU(2)j;, and U(l)y gauge interactions, A and h are asymptotically non-free, and 
thus m| is positive. The positivity indicates the stability of the origin of the potential, and 
therefore the VEV of S is only induced by the small shift of the origin through the linear term 
\Ax{Hf){H2)S in the potential. Although the linear term can be enhanced by increasing the 
coupling A and/or h, it is of no help since that also enhances 



4 Modified NMSSM with Vector-like Matter Fields 
4.1 The Model 

Having understood the problems in the MSSM and the NMSSM, we now consider a model with 
vector-like matter fields. The problem in the NMSSM is caused by the high predictability of 
the anomaly mediation. The soft terms are calculable once we fix a model. Particularly the 
large positive m'g parameter is problematic if we assume the minimal interactions. However, the 
interactions of S are phenomenologically unknown and we can easily modify the soft terms of 
the singlet. As an example, we consider a model with vector-like matter fields which couple to 
the S field. 

A similar model has been considered in Ref.||ll[ in the context of the anomaly mediation 
without D-terms. It was pointed out that the calculability of the soft terms still makes the 
electroweak symmetry breaking difficult even in the presence of S and extra vector-like fields 
by the following reason. The tan P parameter is determined by the difference between two 
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soft masses of the Higgs doublets, and rnj^^, which only depends on the top Yukawa 

coupling constant ft in that model. Therefore, the top-quark mass mt{= /tusin/3) is predicted 
rather than an input parameter. Unfortunately, successful electroweak symmetry breaking turns 
out to require unacceptably small mt such as less than 145 GeV. They discussed a further 
extension of the model to overcome the situation by introducing three extra singlet superfields 
and appropriate interaction terms. In contrast, we show that the correct vacua are easily found 
in the model with D-terms. Since Dy contributes to m'jj^ and rn'jj^ with opposite signs, we do not 
have the unwanted correlation between tan /3 and ft anymore. We can find phenomenologically 
viable parameter regions without introducing extra singlets except for S. 

We introduce a pair of new chiral superfields D and D which have quantum numbers of 
(3, l)_i/3 and (3, 1)1/3 under the SM gauge group, and also L and L of (1, 2)_i/2 a^d (1, 2)1/2 
so that the extra matter fields form complete SU(5) representations 5 + 5 to ensure the gauge 
coupling unification. We can write down the following superpotential: 

W = XSHiH2 + ^S^ + kDSDD + kLSLL . (11) 

The introduction of the interactions between S and vector-like matter fields does not cause a 
new CP violation, since the coupling constants A, h, and /c^ can be made real without loss 
of generality by appropriate field redefinitions. We do not assume the presence of the direct 
couplings of D and L with the ordinary quarks and leptons, which may be forbidden by a U(l) 
symmetry or its discrete subgroup under which only the vector-like matter fields transform. The 
additional interactions in Eq.([Tl[) modify the m| parameter from Eq.(|lO|) to (see Appendix for 
the RGEs) 

ml = \i'^'^f-JT— + 2/1^ + 3^1, + 2kl) . (12) 



Since ko is asymptotically free in a wide range of parameter space due to the strong interaction 
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of D and D, the negative contribution may make m| negative and large in its absolute value 



such that we obtain large values of (S). 



4.2 Electroweak symmetry breaking 



Let us evaluate the VEV of the Higgs fields by minimizing the potential with soft terms calculated 
by Eqs.(l^) and (^). The potential for the neutral components of the Higgs fields are given by 

V = (ml,^ + |A5p)|if?|2 + (^2^^ + |A5|2)|i70p + m||5p 
+ \^HfHl + hS^\' + {AxSH'.Hl + + h.c.) 

+Wy + 9lm1\' - ■ (13) 



The soft terms are given as follows: 



<i = li^^f^ ( fr + 3/,^ + - Ig'y - IgVl + ^Dy , (14) 
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Ay, = -A (3/2 + /2 + 3/2 + + 2h^ + 3kl + 2kl - gl - 2,gl) M , (16) 



Ah = -h (6A2 + 6/1^ + 9/c|) + 6kl) M , (17) 



and rrig is given in Eq. (|12|) . Here, ft, fb, and /,- are the Yukawa coupling constants of the top 
quark, the bottom quark, and the tau lepton, respectively, and we ignored those for the first and 
the second generations. The scale dependence of the Yukawa and gauge coupling constants are 
given in Appendix Notice that ki) enhances the ^-terms while suppressing m| in Eq.(12), 



which makes it possible for S to acquire a large VEV. The minimization conditions with respect 
to the three Higgs fields S, Hf, and H2 are given by 

AxS + XhS^ = -!i^(mf + mi + AV) (18) 
2 2 

= - ""'"9^' -^"^1 + "^') (19) 

= X'^v'^ + 2h^S^ + i\h + ^)v^sm2p + AhS + ml , (20) 

where mi = mj^^ + X'^S'^ and 1712 = mjj^ + A^S^, and v'^ = (Hf)'^ + (H^)'^. 

We numerically solve the Eqs. (18-20) while fixing v = 174 GeV. Once we postulate values of 



ki), k^, h, tan /?, and M, the three equations determine the sizes of A, S, and Dy- Stable minima 
are found with reasonable parameter sets as shown in the gray shaded region in Fig.|2[ The left 
and right figures correspond to solutions with negative and positive values of A, respectively. 
The solutions are found for the range 1.5 < tan/3 < 19 and < /i < 0.3. The parameters 
are fixed in the plots to be ko = 0.6 and k^ = 0.35 motivated by the unification at the GUT 
scale, and M = 600 GeV. In the dark gray shaded region, the lightest SUSY particle (LSP) is 
a neutralino (mostly the wino). The stop and/or stau are lighter than the neutralino outside 



the region. The experimental bound on the lightest Higgs boson mass [42| is satisfied inside the 
dashed line. We can see the overlaps of the two regions for the A < case. 

We plot those solutions A, AS, and Dy/M^ as functions of h in Fig.^. Solutions are found 
in the gray shaded region and again the LSP is a neutralino in the dark gray shaded region. 
Lines correspond to various values of tan/3. We see in FigJ^ (a) and (b) that the values of |A| 
and h are restricted to be small such as less than 0.3. The large values are not preferred since 
those enhance m|. Fig.^(c) and (d) show that we obtain large effective ^u-parameter of the order 
of 1000 GeV such that the Higgsino is heavy enough. The negative values of Dy in Fig.^(e) 
and (f) ensure the positive contributions to the slepton masses squared by taking Db-l in an 
appropriate range. 
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Figure 2: The parameter regions where stable solutions are found in the modified NMSSM are 
plotted (the light gray shaded region). Left and right figures correspond to the solutions with 
A < and A > 0, respectively. The LSP is a neutralino in the dark shaded region and the 
lightest Higgs boson is heavier than 114.4 GeV inside the dashed line. The other parameters 
are fixed to be ko = 0.6, = 0.35, and M = 600 GeV. 



4.3 Spectrum and phenomenology 

We show a mass spectrum at a sample point in the parameter space and discuss phenomenological 
implications. As a point with the neutralino LSP, we choose parameters such as h = 0.21 and 
tan /? = 10 in Figj|. The mass spectra are listed in Table |l|. We take the B — L charge of the 
extra-fields to be D : 1/3 and L : —1, although those are, in principle, arbitrary. 

The lightest Higgs boson is likely to be mainly composed by the doublet Higgs fields 
and There is no significant mixing between the singlet and the doublet Higgs boson 
because of the small A parameter. Therefore properties of the lightest Higgs boson are similar 
to those of the MSSM. In particular, is lighter than the Z-boson at tree level, and hence the 
radiative corrections from the (s)top loop diagrams are important to satisfy the experimental 
bound 1 43, 44, 45]. The large stop masses are required in order to obtain the large radiative 
corrections. As in the MSSM, this requires a relatively high SUSY scale such as M > 600 GeV. 
The charged Higgs boson mass for this parameter is well above the limit from the b 57, 
mH± > 350 GeV 

The LSP is mostly the wino, the S\J{2)l gaugino. The large Higgsino mass parameter AS* 
indicates the small gaugino-Higgsino mixing and thus the charged and neutral winos are highly 
degenerate. The dominant contribution to the mass splitting is the one-loop radiative correction 
from diagrams with the gauge boson loops, and is estimated to be 165 MeV for large M 

^Because the solutions require A < and hence the chargino diagram constructively interferes with the charged 
Higgs boson diagram, the constraint is probably somewhat stronger than this in our case, but it is clear that a 
slightly higher M can satisfy the limit if needed. Detailed quantitative discussions on this constraint is beyond 
the scope of this paper. 
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Figure 3: The regions with stable solutions are shown. Lines show the h dependence of A 
(a,b), XS (c,d), and Dy (e,f) with fixed values of tan/3. The neutralino LSP is realized in the 
dark shaded region. Left (a,c,e) and right (b,d,f) figures correspond to the solutions with A < 
and A > 0, respectively. The other parameters are fixed to be M = 600 GeV, ko = 0.6, and 
ki = 0.35. The overlaps of the Higgs mass constraint and the dark shaded region in (f) is 
fictitious as the parameter space is covered multiple times. 
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Table 1: A sample mass spectrum is shown in the unit of GeV. We take M = 600 GeV, 
A = -0.15, h = 0.21, Dy = -5.7M2, Db-l = 4.6M2, and tan/3 = 10. The ko and ki coupling 
constants are taken to be 0.6 and 0.35, respectively. The Higgs potential has a minimum with 
the correct size of the Higgs VEV and = 8.3 TeV. We have included the one- loop correction 
to the lightest Higgs boson mass. 



In this case, the charged wino mainly decays into a charged pion and a neutral wino with long 
lifetimes, so that we may see the highly-ionizing charged tracks at the hadron or e^e~ linear 
colliders |45, 49]. We discuss a scenario with the wino dark matter in the next subsection. 

The little fine-tuning problem in the MSSM is left in the model []50| , The non-observation 
of the Higgs boson requires relatively heavy stops, indicating a high SUSY breaking scale. 
A certain degree of fine-tuning is necessary to obtain the correct size of the Higgs VEV. In 
the NMSSM, the XSH1H2 coupling may raise the Higgs boson mass without upsetting the 
perturbativity if A < 0.7. However, in the model with anomaly mediation, it is of no help since 
the A parameter is necessary to be as small as 0.3. 



4.4 Wino cold dark matter 



The wino is a perfect candidate for the dark matter of the universe despite its large annihilation 
cross section |4^, 51 1. The current abundance can be explained by the non-thermal production 



from the decay of the gravitinos which were produced when the universe had high temperatures. 
In the following, we discuss the relic mass density of the wino including the effects of the non- 
thermal production. 

By assuming the instantaneous decay of the gravitino at the decay temperature T^, the yield-!- 



of the wino from the gravitino decay is equal to that of the gravitino at [52, 53] and is given 



*The yield is defined relative to the entropy density. 
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by 

Y^^m ^ Yy.iTnH) - 1.9 X 10"^^ x l^j^^) , (21) 
where Tjih is the reheating temperature of the universe. The decay temperature is given by 

where (T) denotes the number of the effective massless degrees of freedom and we use mwino — 
5.2 X 10~^m3/2 (see Eq. ([l|)). In the hmit of the pure wino LSP, the dominant annihilation 
process is the pair annihilation into two VF-bosons via t-channel charged wino exchange diagram. 
Because is much lower than the wino mass, we can take the non-relativistic limit of the cross 
section as a good approximation and that is given by [^l| 



4 



1 (l-m2^/m^i,j3/2 



2 ^2 
wino 



With the annihilation cross section, we obtain the yield at low temperature T by solving the 
Boltzmann equation as follows |53]: 



1 

+ 



(24) 



Here, Y^^{Tci) is the thermal relic of the wino, and Y^'^^iTdjT) represents the annihilation 
effects after the non-thermal production. Those quantities are given by 

^ ^ "'^ VlOO GeV/ ' ^ ^ 

y-°(r,,T) ^ ^ 8^22(T,) {av)MMT, - T) ^^^^ 

^ 2 X 10-^° X f g^lMV '^V ^wino y/^ ( ) 

V 10 / VlOOGeV/ ^ ^ 



We can neglect the second term in Eq. ( p4[ ) for Tr// < 10^^ GeV, since Y^'^iTd) is much smaller 
than y^°'^(Trf,T). In this range, the yield Yy. and the mass density parameter of the wino ^ly. 
are simply given by 

YJT) ~ 10-14 X ( ) + 1.9 X 10-12 ^ ( Trh \ 

' VlOOGeV/ VlOiOGeVy' ^ ' 



2 ^winoJ^x 

3.6221 X 10-9 GeV 

~ 2.8 X 10-4 X ( f + 5.3 X 10-2 X ( \( ^"^^ V (29) 

VlOOGeV/ VlOOGeV/ VlOi°GeVy ^ ' 
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10.5 




Figure 4: The required reheating temperature in order for the wino to be the dark matter. The 
soHd lines corresponds to the required reheating temperature for ^^h'^ — 0.095,0.11,0.13 and 
the dashed lines for Q^'^h'^ ~ 0.095,0.11,0.13 from the bottom to the top, respectively. 



Eq.pgj) indicates that the wino can be the dominant component of the dark matter (i.e. Q^h ~ 
0.11) for an appropriate reheating temperature. 

We show in Fig. ^ the required reheating temperature of the universe as a function of the 
wino mass in order for the wino to be the dark matter. Solid lines correspond to Jl^/i^ ~ 
0.095,0.11,0.13 from the bottom to the top, respectively. We also plot in the same figure the 
reheating temperature which satisfy ^^'^h'^ = mwinoKf'^/(3.6221 x 10"^ GeV) ~ 0.095, 0.11, 0.13 
as dashed lines. The mass density Q^'^h'^ is the component of the non-thermally produced wino 
through the gravitino decay. As we see, ^^'^ dominates the mass density of the dark matter for 
mwino < 500 GeV. 

Remarkably, the required reheating temperature is consistent with the lower bound on Tjih 
for the thermal leptogenesis, Trh ^ 4 x 10^ GeV [55, |5^. The lower bound indicates the upper 
bound on the wino mass to be < 500 GeV. 



4.5 A solution to the strong CP problem 

The UV insensitive anomaly mediation has a potential to solve the strong CP problem by the 
Nelson-Barr pO| , The mechanism is claimed not to be a good solution in SUSY models 
because the SUSY breaking effect reintroduces the strong CP phase 9 at one-loop level \ ^% . 
However, with the UV insensitivity of the SUSY breaking terms, it is revived as a solution to 



the problem (see also [58, p9|[). 



The mechanism needs CP to be an exact symmetry of the Lagrangian such that the 9 
parameter as well as the phase in the CKM matrix vanish. The observed non-vanishing CP 
phase in the CKM matrix can be induced at low energies by the spontaneous CP violation. 
Nelson and Barr proposed models in which we obtain only the CKM phase by the spontaneous 
CP violation while 9 remains vanishing at tree level. The simplest model is the following. We 
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introduce a pair of vector-like quarks and which have the same and opposite quantum 
numbers as the right-handed down-type quarks. With the superpotential 

W = aXdldl + fJqiHdd'] + mdldl , (30) 

where i, j = 1, 2, 3 and a = 1 — 4, the phase in the VEV of X induce the CKM phase, but the 
determinant of the mass matrix remains to be real indicating no contribution to 9. 

In general, such new matter fields with flavor-dependent couplings reintroduce the SUSY 
flavor problem through their loops. It is the non-trivial virtue of the UV insensitivity that 
decouples these interactions from the low-energy soft terms so that we can discuss such additional 
interactions without conflicting the phenomenological limits. In turn, the UV insensitivity turns 
out to be crucial for the mechanism as well as we discuss below. 

Once we realize the situation with the non-zero CKM phase and vanishing 6 at tree level, the 
non-renormalization theorem in SUSY ensures vanishing 6 even at quantum level. Potentially 
problematic is the SUSY breaking effect as mentioned before. One-loop diagrams with SUSY 
breaking couplings induce the parameter and acceptably small values of 9 require extraor- 



dinarily high degrees of degeneracy among SUSY breaking parameters [57|. However, the UV 
insensitive anomaly mediation as well as gauge mediation does not suffer from the problem. 
The UV insensitivity ensures that all the SUSY breaking terms are described by the SUSY 
invariant quantities such as the Yukawa and gauge coupling constants, and therefore there is no 
new Jarlskog invariant other than that of the SM, i.e., 5(det[mumi, m^ml^]). With the small 
Jarlskog invariant and significant loop suppression factors, the 9 parameter remains to be very 
small such as 10"^^ — lO^^^ [59|, which is much smaller than the experimental upper bound of 
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4.6 The cosmological domain wall and the tadpole problems 

One may worry about the formation of the cosmological domain wall associated with the Z3 
symmetry breaking in the NMSSM [|6l| ]. However, with the presence of the vector-like quarks 
D and D, there is no domain wall problem. Since the Z3 symmetry, under which all the chiral 
superfields has a unit charge, is anomalous with respect to the SU(3)c gauge group, the instanton 
effect can give a sufficient energy shift among domains such that the domain wall is unstable . 

Related to this issue, there is a problem of the instability of the Higgs potential caused by 
a loop correction associated with the SUSY breaking effect. The tadpole diagrams of 5 with 



gravitational interactions diverge quadratically, and reintroduce the hierarchy problem |61, p^ . 
The appearance of the linear term can be forbidden if the gravitational interaction respects the 
symmetry. It is, however, argued that the quantum gravity violates all the global symmetry. 
Since the symmetry is anomalous, we cannot think of the symmetry as a gauge symmetry, 
and thus it is expected to be broken at the Planck scale. 

Although it may not be a problem once we understand quantum gravity, it is possible to 
control the tadpole divergence by embedding Z3 to a higher anomaly free symmetry Z^i\i such 
that the Z3 symmetry is realized as an accidental approximate symmetry after breaking of Z^^. 
For example, the Z^^ symmetry, under which all the chiral superfields have charge N ^ can be 
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made anomaly free when we add pairs of vector-like quarks V and V which have the same 
quantum numbers as D and D under the SM gauge group and charge —1 under Z^n- When the 
Z^N symmetry is broken spontaneously by the VEV of a field S which has Z^n charge 2, the 
vector-like fields acquire the mass of the order of (S) and decouple from the low-energy physics 
if the VEV is much larger than the electroweak scale. The mass term of the vector-like quarks 
D and D or the /i-term given through the VEV of S is naturally small by the Z^n symmetry, 
because it restricts the form of the lowest dimensional interaction to be T,-^ /Mp^^^DD where 
X = N/2 or 2N for even or odd A^, respectively. The tadpole term in the Lagrangian is also 
suppressed as m3/2(S)^/M^~^S', which can be small enough. 

Also, the Z^i^ symmetry may naturally forbids the large mixing between ordinary quarks 
and D. For example, if the Z^^ charges of D and D are N + n and N — n, respectively, the 
mixing is naturally suppressed by the Z37V breaking effect. The small but finite mixing makes 
the vector-like fields unstable, which ensures the absence of the problem with overclosure of the 
universe |64]. 



5 Conclusions 

We have examined electroweak symmetry breaking in the NMSSM with UV insensitive anomaly 
mediation. We added a vector-like pair of matter fields to solve the light Higgsino problem in 
the NMSSM with the anomaly mediation. Viable parameter regions are found to preserve the 
perturbative coupling unification. 

With the success of the electroweak symmetry breaking, the model is a phenomenologically 
and cosmologically perfect package for particle physics. The SUSY FCNC and CP problems 
are solved thanks to the UV insensitivity of the anomaly mediation. Also, the strong CP phase 
is not induced by the SUSY breaking effect once we set vanishing 9 at tree level, which is 
claimed to be natural in the string theory context |6^. The lightest neutralino is the wino 
which is a good candidate of the cold dark matter assuming the non-thermal production from 
the gravitino decay. The thermal leptogenesis works without contradicting the constraint on 
the gravitino abundance from the BBN theory, since the gravitino decays before the BBN era. 
There is no cosmological domain wall problem associated with the spontaneous Z3 symmetry 
breaking in the NMSSM because the Z3 symmetry is broken by the QCD instanton effect in 
the presence of the vector-like quarks. The tadpole problem in the NMSSM may be avoided by 
imposing anomaly free Z^^ symmetry at high energy. 
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A Anomalous dimensions and beta functions 

We list the anomalous dimensions and the beta functions in the model which are necessary to 



compute the soft SUSY breaking terms. 
The anomalous dimensions are given by 

i^^flH, = fr + + - \9l - \9l , (31) 

{47rfjH, = 3/1 + A2 - _ 3^2 ^ (32) 

i^nf^S = + 2h^ + 3kl + 2kl , (33) 

i^^fik = fAs - Ig'y - lal , (34) 

{A'Kf^.c = 2/25,3 - 2gl^ , (35) 

(47r)^,, = ifi + f?)6,s - ^^g'y - ^g^ - ^^I , (36) 

(47r)27,c = 2fidis - - ^ffl , (37) 

(47r)27„c = 2/2<5,3 - ^g'y - ^gl , (38) 

{A^fjn = kl- Igl - Igl , (39) 

{A^f^r> = kl- Igl - Igl , (40) 

{A^f^, = kl- \gl - \gl , (41) 
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(47r)27l = ki- \al - , (42) 

where we neglect the Yukawa coupling constants for the first and second generations. 
The beta functions for the gauge coupling constants are the following: 

(4.f^ = ^9?. , (43) 



(4.)=^ = -2,3. (45) 

The beta functions for the Yukawa coupling constants are expressed by the anomalous 
dimensions as follows: 

(4^)2 = {^^? frills +1H,+Ie,) 



dln/x 



3 

fri4f^ + 3f^ + - 3g^ - 3gl) , (46) 



(4^)2 = (47r)V6(7,3+7H,+7dg) 



dln/j, 



Mfr + 6/,^ + f! + X'- - 3gl - ^5i) , (47) 



(4vr)'#r = (4vr)Vi(7g3+7H.+7«^) 



dhijx 



ftief? + fi + X'- fg'y - 3gl - ^5i) , (48) 



(47r)2-^ = (47r)2A(75 + 7Jfi +7/^2) 



dln/x 



Kfr + 3/5' + 3/2 + 4A2 + 2/1^ + 3A;|, + 2kl - gl - 3gl) , (49) 



(4^)2 = (47r)23/i75 



dln/x 



3/i(2A^ + 2h^ + 3kh + 2ki) , (50) 
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(47r 



2 dkp 



(47r 



dln/jL 
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